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Effect of transatlantic transport on
reproduction of agouti and nonagouti deer
mice, Peromyscus maniculatus
V. Hayssen
Department of Physiology & Environmental Sciences, University of Nottingham, Sutton Bonington,
Leics LE12 5RD, UK and Department of Biology, Smith College, Northampton, MA, USA
Summary
In conjunction with establishing colonies of deer mice in the UK, effects of transportation on
reproduction in agouti (A) and nonagouti (a) deer mice were assessed. Adults were shipped via
ground courier and air freight from Northampton, Massachusetts, USA to Sutton Bonington,
Leicestershire, England in February and June. Deer mice were paired upon arrival in Sutton
Bonington, whereas matched controls were paired in the original colonies at shipping. To
assess reproduction, the following variables were monitored for 110 days for all 96 pairs:
number of pairs producing litters, time from pairing to birth, interlitter interval, litter size at
birth, and litter size at weaning.
Generally, shipping suppressed litter production and delayed its timing, but had less effect
on litter size. Overall, 32 of 48 control pairs (67%) produced 69 litters compared with 37 litters
from 21 of 48 pairs (44%) after shipping. Pairing-to-first-litter intervals were approximately
two oestrous cycles shorter in control animals (39 vs 53 days). Averaged over all litters, litter
size was higher in control pairs (4.4 vs 4.0).
With respect to genotype, control agouti deer mice were less productive than nonagouti
animals, but they reproduced better than nonagoutis after shipping. In control animals,
colourmorphs did not differ with respect to litter production or timing, but agouti pairs had
smaller litters (first litter: A: 3.1, a: 4.2) and this difference increased at successive litters
(third litter A: 3.9, a: 6.0). After shipping, agouti animals produced more litters (A: 22, a: 15),
and did so earlier (pairing to birth: A: 47 days, a: 60 days), as well as more frequently
(interlitter interval: A: 32 days, a: 51 days). Litter size was also more similar between
genotypes after shipping (A: 4.0, a: 4.1). Overall, control agouti animals produced 37% fewer
offspring than nonagouti pairs (A: 116 neonates, a: 185 neonates), but after shipping agouti
deer mice produced 43% more offspring than nonagouti animals (A: 87 neonates, a: 61
neonates). In sum, transport stress suppressed reproduction for several weeks after shipping
and this suppression was exacerbated in nonagouti deer mice.
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Although small rodents are frequently trans-
ported across long distances by non-natural
methods, the effects of transport are not well
quantified especially in the longer term.
Acute effects, such as weight loss, tail
lesions, and altered immune function
(Wallace 1976, Koopman et al. 1984, Aguila
et al. 1988) are known and may exhibit
genetic differences (Wallace 1976), but more
chronic effects, such as those on the timing
and frequency of reproduction after shipping,
have not been studied.Present address: Department of Biology, Smith College,
Northampton, MA 01063, USA
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In conjunction with establishing colonies
of two allelomorphs (agouti and nonagouti) of
deer mice (Peromyscus maniculatus) in the
UK, effects of transatlantic shipment on
reproduction were assessed in deer mice
which had been maintained as separate
genetic lineages at the agouti coat-colour
locus for at least 20 generations (Horner et al.
1980).
Over 70% of 130-140 inbred mouse strains
and over 80% of 50 inbred rat strains which
have been characterized at the agouti locus
are homozygous for the nonagouti allele.
These include several of the most widely
used mouse strains, e.g. AKR, DBA, and
C57BL mice (Staats 1981, Festing 1989) as
well as Long Evans rats (Festing 1979). If
agouti and nonagouti deer mice differ in their
response to transport, then more common
laboratory rodents which differ at that locus
may do so as well. The biochemistry and
physiology of the product of the agouti locus
(agouti protein) suggests that reproductive
differences in response to stress might occur
between the two allelomorphs.
Nonagouti is a recessive allele of the agouti
locus found in many species (Searle 1968). A
mutation at the start codon prevents syn-
thesis of agouti protein (Hustad et al. 1995).
Dominant agouti alleles (e.g. lethal yellow)
may be associated with excess agouti protein
(Miller et al. 1993), whereas the recessive
nonagouti allele is associated with deficient
or non-existent agouti protein (Hustad et al.
1995). In effect, nonagouti may be a naturally
produced ‘knock-out’ of the agouti locus, at
least in Mus. The most obvious phenotypic
effect of lack of agouti protein is solid black
pelage in nonagouti animals. However,
agouti and nonagouti deer mice also differ in
regional levels of neural catecholamines
(Hayssen et al. 1994) as well as in their
behavioural profiles (Hayssen 1997).
Physiologically, agouti protein is a para-
crine regulator of melanocyte-stimulating
hormone (MSH), an opiomelanocortin with
effects on sexual behaviour (Hughes et al.
1988, Wilson et al. 1991) and suckling (Hill et
al. 1991) in addition to its regulation of coat
colour. At the molecular level, agouti protein
antagonizes MSH at melanocortin receptors
on pigment cells and in neural tissues (Lu et
Hayssen
al. 1994). Extrapigmental antagonism of
MSH by agouti protein may cause some of
the pleiotropic effects of the agouti locus.
However, some actions of agouti protein may
be independent of MSH (Hunt & Thody
1995).
Suppression of reproductive function is a
well-known correlate of stress (Johnson et al.
1992, Moberg 1991). The exact mechanism
for this interaction is not precisely under-
stood, but may be influenced by opio-
melanocortins via corticotrophin-releasing
factor (Johnson et al. 1992, Moberg 1991).
Adrenocorticotrophic hormone (ACTH) is
the opiomelanocortin usually associated
with inhibition of reproduction after stress,
but evidence for the central role of this
hormone is lacking for deer mice. For
instance, reproduction is suppressed in high
density populations of deer mice, but adrenal
histology of inhibited animals suggests that
ACTH alone does not account for the
reproductive suppression (Coppes & Bradley
1984). In addition, exposing recently insemi-
nated females to the odour of strange males
blocks implantation in deer mice, but,
although ACTH is released and corticoster-
oid levels elevated, neither appears to cause
the pregnancy block (Bronson et al. 1969).
Melanocyte-stimulating hormone rather
than ACTH may influence the stress
response in deer mice. Hypothalamic
corticotropin releasing factor from the
hypothalamus may release MSH from
pituitary melanotrophs (Autelitano et al.
1990) as well as ACTH from pituitary
corticotrophs. Although MSH is identical
to the first 13 amino acids of ACTH
(O’Donohue & Dorsa 1982), the hormones do
not cross-react at their primary receptors
(MC1 for MSH on pigment cells, MC2 for
ACTH in the adrenal cortex, Mountjoy et al.
1992). However, MSH and ACTH exhibit
varying degrees of cross-reactivity at neural
melanocortin receptors (Tatro 1990, Tatro &
Entwistle 1994). In addition, melanocortins
have been identified in a variety of repro-
ductive tissues including gonads and placen-
tae (Bardin et al. 1987). Therefore, paracrine
regulation of melanocortins by agouti protein
to alter reproduction is possible either via
neuronal pathways or directly at target
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tissues. In either event, suppression of
reproduction in response to stress may differ
in agouti and nonagouti animals.
Thus, this study has two objectives. First
to quantify the effects of transatlantic ship-
ping on reproduction in deer mice and
secondly to assess the effect of the agouti




The animals were 192 sexually mature, deer
mice (Peromyscus maniculatus gracilis) from
colonies established in the mid 1970s from
wild stock which included heterozygotes for
the nonagouti allele (Horner et al. 1980).
After isolation of individuals homozygous for
each allele, the two lines have been main-
tained as separate allelomorphs. Therefore,
the source and captive rearing conditions
have been the same for both allelomorphs for
at least 20 generations.
Most (97%) of the 15-40 g deer mice were
2-25 months old, but 6 agouti animals were
46-52 months old. Unlike laboratory mice,
Peromyscus are long-lived and maintain
reproductive function (Peluso et al. 1980,
Steger et al. 1980). In fact, Peromyscus have
reproduced in captivity at 66 months old
(Burger & Gochfeld 1992) and the two oldest
animals both produced litters in the present
experiment. Before the experiment, previous
breeders were caged alone and non-breeders
were housed in same-sex, sib groups. Most
adult deer mice weigh 15-25 g, but some
nonagouti animals become obese and can
weigh up to 40 g. Deer mice were matched
for weight, age, parentage, and parity in each
replicate with older animals shipped in
February and only 2-5-month-old animals
shipped in June.
Common reproductive parameters for deer
mice are: first oestrus: 49 days; oestrous cycle
length: 4-6 days; gestation length: 21-23 days
(25-27 days with suckling); lactation: 21-23
days; interlitter interval: 27-35 days; litter
size: 4-5 young, range 1-9 (Hayssen et al.
1993). In principle, four litters could have
been produced in the 110-day experimental
period, however, in practice, no pair produced
more than three litters.
Animal quarters
In the USA, animals were housed in a secure,
purpose-built, animal facility. In England,
animals were housed in purpose-built, quar-
antine rooms within a secure, animal facil-
ity. All animals were on a 14-h artificial
light : 10-h dark photoperiod. In England,
temperature was 20 °C ± 1 °C; relative hu-
midity was 50% ± 10%; and ventilation was
from fresh air at 15-20 changes/hour. In the
USA, temperature was 21 °C ± 1 °C; relative
humidity was 50% ± 10%; and ventilation
was 20 changes/hour.
Caging
In the first replicate, caging in England was
approximately half the volume of caging in
the USA. In addition, the solid walls and
floors did not provide opportunity for climb-
ing. In the second replicate, cages were also
shipped to England and were identical to
those in the USA. Specifically, in England
opaque-plastic mouse-cages (12 cm high,
25 cm wide, 41 cm long) with stainless-steel
wire-lids were used for first replicate with
dustfree, washed, wood shavings (Betabed,
Datesand Ltd, from Wm Lillico & Son,
Wonham Mill, Betchworth, Surrey RH3
7AD). For all other groups, custom-built
cages with stainless-steel wire-mesh on all
sides except the back (30 cm high, 40 cm
wide, 30 cm long) were hung above paper-
lined stainless-steel trays to collect drop-
pings. Cages were cleaned every 2-4 weeks.
Glass nesting jars (various sizes), cardboard
tubes, and paper bedding-material (in UK:
shredded paper wool from Wm Lillico & Son,
Wonham Mill, Betchworth, Surrey RH3
7AD; in USA: Kim Wipes, Kimberly-Clark
Corporation, Roswell, GA 30076-2199) were
also provided.
Diet and feeding
The diet, modified from Dice (1929) and
available ad libitum, was a mixture approxi-
mately 3 : 2 : 1 : 1 (by weight) of rolled oats
(Quaker Oats Company, PO Box 049002,
Chicago, IL 60604-9003), wild-bird seed (43%
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cracked corn, 40% white millet, 10% black
oil sunflower-seeds, 5% striped sunflower-
seeds, 2% peanut hearts), wheat germ
(Quaker Oats Company, PO Box 049003,
Chicago, IL 60604-9003), and rodent lab
chow. In England, rodent chow was B & K
Universal’s rat and mouse standard diet (The
Field Station, Grimston Aldbrough Hull, N
Humberside HU11 4QE). In the USA, rodent
chow was Harlan Teklad rodent diet (W) 8604
(PO Box 44220, Madison, WI 53744-4220).
‘Treats’, usually fruit or vegetables (equiva-
lent in size to one-eighth of an apple per
adult), were provided twice each week.
Diverse local sources were used for dietary
additives. Untreated tap water was available
ad libitum for all animals.
Experimental design
The experimental design essentially con-
forms to a replicated two-way analysis of
variance with stress and genotype as inde-
pendent variables and a variety of repro-
ductive measures as dependent variables.
Sample-size per cell was 24 pairs of deer mice
with 12 pairs per cell in each replicate. The
replicate effect was treated as an independent
variable to account for differences in the
February and June shippings including the
caging difference. Husbandry, diet, and
environment were as similar as possible in
control and experimental groups, but the
unavoidable differences described above
cannot be completely excluded from the
potential stress effect.
Shipping
Overnight, transatlantic air-shipment in
February and in June provided an acute stress
for experimental animals. Approximately,
12 h before shipping, each experimental
mouse was placed individually into small-
mammal Sherman traps (HB Sherman Traps
Inc, Tallahassee, FL 32316) with fresh fruit
and potato (as a source of water), small
amounts of bedding, and dry food (rodent
chow and seeds). Commercially available
transport-containers made of treated card-
board and wire mesh were not used because a
preliminary trial indicated that deer mice
could chew their way out within 12 h. Traps
(with animals inside) were returned to each
animal’s home cage to await crating.
In early morning, traps were packed into
one of two wooden shipping crates
(51 cm x 56 cm x 17 cm), lined with styro-
foam to dampen noise, and provided with
2.5 cm vent holes for air. Hardware cloth
(1 cm wire mesh) was fitted between traps
which permitted air flow but kept traps from
moving. The crates had been used success-
fully a decade earlier to transfer Antechinus
(a dasyurid marsupial) from Australia to the
USA (Dickman et al. 1987). Each shipping
crate contained equal numbers of each sex
and allelomorph for a total of 24 deer mice in
4 layers of 6 animals with a single sex and
morph per layer.
After crating, mice sat for 1-3 h before
automobile or truck transport 110 miles to
the shipping agent with subsequent trans-
portation to the air carrier. In the second
(June) replicate, the air carrier refused the
shipment an hour before scheduled departure
and the animals were moved to a second
carrier for transatlantic travel. After landing
and customs clearance, animals travelled an
additional 150 miles in a Home Office
approved, quarantine-vehicle. Time confined
in shipping crates was 27 h (first shipment)
or 36 h (second ‘bumped’ shipment). This
time does not include the overnight spent in
a trap before crating. Pairing of the mice took
place immediately after uncrating. Pairing in
control deer mice took place while experi-
mental animals were in transit.
Mortality
No animals were lost during the relatively
uneventful first shipment, however, 8 of
48 animals died during, or immediately
after, the second (‘bumped’) shipment. Two
control animals died 5 days after pairing
during the second replicate. No other
mortality occurred in the second replicate.
In the first replicate, five animals died before
the end of the experiment: four control
animals (32, 83, 86, and 86 days after pairing)
and one experimental animal (16 days post-
pairing). No post-mortem analyses were
conducted.
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Reproductive measures
Space limitations in the USA colony forced
removal of males 86 days after pairing in the
first replicate. With a gestation length of 21-
23 days, the maximum pairing to birth
interval would be 107-109 days. In fact, none
of the 96 pairs produced a litter 108 to 114
days after pairing. Thus, reproductive para-
meters were analysed for the first 110 days
after pairing for all groups.
Temporal and energetic components of
reproduction were monitored in shipped and
control pairs by daily inspection. Timing of
reproduction was assessed by two measures:
(a) pairing to birth: number of days between
pairing and birth of the first litter and (b)
interbirth interval: number of days between
birth of first and second litters or second and
third litters. To prevent further stress, litters
were not weighed, however, energetic com-
ponents of reproduction were estimated by
three measures: (a) fecundity: proportion of
pairs which produced a litter within 110 days
of pairing, (b) litter size at birth: number of
young (including stillborns) observed within
24 h of birth, and (c) litter size at weaning:
number of young present 21 days after birth.
Young were separated from their parents at
21 days.
Statistical analysis
Chi-square tests (Sokal & Rohlf 1981) were
used on fecundity data with replicates and
allelomorphs combined. For other dependent
variables, analysis of variance with genotype
(agouti vs nonagouti), shipping (control vs
shipped), and replicate (February vs June) as
independent variables were used to test for
interaction effects. Simpler regression mod-
els were subsequently calculated eliminating
non-significant effects. Sample sizes were too
small for multivariate analysis of variance, as
only 16 of 96 pairs produced three litters.
Parametric analyses were done using Systat™
version 4 (Systat Inc, Evanston, IL, USA).
Legislative compliance
Animal care and handling followed legislated
standards of both countries (UK: Animals
(Scientific Procedures) Act 1986, US: Guide
for the Care and Use of Laboratory Animals,
National Institutes of Health, 1985). Ship-
ping was in accordance with international
regulations for humane transport. In England,
deer mice were housed in Home Office
approved and inspected quarantine rooms on
site at the University of Nottingham.
Results
Both transatlantic shipping and genotype had
significant effects on reproduction in deer
mice but the replicate (February vs June)
effect did not. Overall, shipping delayed
reproduction and the effect was stronger in
nonagouti pairs. The shipping-by-genotype
interaction effect was apparent across litters
over time rather than for single dependent
variables. In control animals, genotype dif-
ferences were also apparent as nonagouti
pairs had larger litter sizes. These results are
detailed first for the effects of shipping and
then for genotype effects. The stronger
response of nonagouti deer mice to shipping
is described under genotype effects.
Effects of transatlantic shipping
Reproductive performance was suppressed
after shipping. Not only did fewer pairs
produce litters after shipping but only four
pairs produced the maximum three litters.
Overall 32 control pairs produced offspring
compared with 21 experimental pairs. Con-
sidering only pairs which survived, 70% of 46
control pairs produced litters within 110 days
compared with 50% of 42 pairs of deer mice
which were shipped (x2=3.9, P<0.05). Similar
numbers of control and shipped pairs pro-
duced only one litter, but only 12 control and
four shipped pairs produced the maximum
number of litters. Most control pairs pro-
duced two or three litters, but most shipped
pairs produced only one or two.
Not only did a smaller proportion of
shipped deer mice reproduce, but they did so
significantly later than control animals
(Table 1; F=5.50; df 1,51; P=0.023). Replicate
and interaction effects were not significant.
The interval between pairing and birth was
approximately two oestrous cycles longer in
shipped animals (control: 39.4 days vs
shipped: 53.5 days). In addition, the interval
between the first and second litters was
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Table 1 Mean pairing to birth and interlitter intervals (days) for control and shipped deer mice which





























Means with the same superscript have overlapping 95% confidence intervals
approximately one oestrous cycle longer in
shipped animals (control: 32.8 days vs
shipped: 38.8 days) but this was primarily
due to long intervals in shipped nonagouti
animals (shipping-by-genotype interaction,
F=17.254; df 1,34; P<0.0005). By the third
litter, interlitter intervals were nearly
identical (control: 30.5 days vs shipped: 30.8
days). The shortening of reproductive inter-
vals over time was primarily because pairs
with long pairing-to-birth intervals did not
have time for subsequent litters within the
experimental period.
Reproductive output was also lower after
shipping. Overall, 449 young from 106 litters
were born of which 385 survived until
weaning. Two-thirds of this reproductive
output was from control pairs. Litter size at
birth from control pairs (4.36) was slightly
higher than that from shipped pairs (4.00),
but, after removing the effects of genotype,
the difference was not significant (F=0.51; df
1,45; P=0.48). Litter size at birth increased
from the first to third litters in both control
and experimental agouti animals as well as in
control nonagoutis but decreased in shipped
nonagouti deer mice. This led to a significant
shipping-by-genotype effect for the second
litter (F=5.19; df 1,29; P=0.03). Replicate and
all other interaction effects were not
significant.
Litter sizes at weaning were not signifi-
cantly different in control and shipped
animals (control: 3.62, shipped: 3.61),
although overall survival to weaning was
higher in England (UK: 91%, USA: 83%).
Genotype effects
Both agouti and nonagouti deer mice reacted
to shipping by delaying reproduction, how-
ever, nonagouti animals did so to a greater
extent (Table 1). Among control deer mice,
the number of litters born was similar
between allelomorphs (A: 33 litters, a: 36
litters). Slightly fewer agouti pairs produced
litters (A: 15, a: 17), but more of them
produced the maximum of three (A: 7, a: 4).
Among shipped deer mice, nonagoutis pro-
duced fewer litters (A: 22, a: 15) and no
Table 2 Mean litter sizes at birth and weaning for three sequential litters produced within 110 days
after pairing from control and shipped deer mice which differ at the agouti locus. Replicates combined.
Sample sizes as in Table 1
Litter size
First Second Third
Treatment Colour Birth Weaning Birth Weaning Birth Weaning
Control Agou t i 3.1a 2.5c 3.8d 3.6f 3.9g 3.6h
Nonagout i 4.2b 3.2c 5.9e 4.6 f 6.0g 5.6h
Shipped Agou t i 3.7a,b 3.1c 4.1d 4.1f 4.2g 4.0h
Nonagout i 4.2b 3.6c 3.8d 3.8 f -- --
Pooled SD 1.74 2.18 1.72 2.05 1.93 1.96
Means with the same superscript have overlapping 95% confidence intervals
Transport stress in deer mice 61
nonagouti pair produced three litters,
although 40% of agouti pairs did so. In
addition, interlitter intervals were longer for
nonagouti pairs after shipping (shipping-by-
genotype interaction, F=l7.254; df 1,34;
P<0.0005). Thus, agouti deer mice produced
second litters more quickly.
Litter size differed between allelomorphs
in two ways (Table 2). First in control
animals, nonagoutis had larger litter sizes
(Litter 1: F=3.31; df 1,51; P=0.075; Litter 2:
F=15.231; df 1,34; P<0.0005; Litter 3: insuffi-
cient data). Second, after shipping litter size
was depressed for nonagoutis but not for
agouti pairs (Litter 2: F=5.19; df 1,29; P=0.03).
Maximum, as well as average, litter size was
larger for nonagoutis (A: range 1-6 neonates,
a: range 1-9 neonates). Only one-third of
litters from all agouti pairs had five or more
young compared with two-thirds of litters
from control nonagouti pairs. Experimental
nonagouti litters ranged from 1-7 with 47%
having five or more young. Thus in total,
control agouti pairs produced fewer offspring
than nonagoutis (A: 116 neonates, a: 185
neonates), but after shipping, agouti pairs
produced more (A: 87 neonates, a: 61
neonates). Litter size at weaning did not
exhibit genotype effects, although overall
survival for nonagouti litters was 82%
compared with 90% survival in agouti litters.
Replicate effects
The two replicates of the experiment were
different in several ways. First, caging used in
England for the first replicate was smaller
and had solid floors. Second, the first
replicate occurred during winter (February)
whereas the second occurred in early sum-
mer (June). Finally, the second shipment took
longer and resulted in several deaths. Despite
these differences, replicate effects had no
significant effect on the assessed reproduc-
tive profile.
Discussion
Two aspects of the experimental profile need
mention before discussing the main results.
First, the June ‘bumped’ shipment was
clearly more stressful as 17% of the animals
died. Unexpectedly, the reproductive profiles
of animals which survived are not signifi-
cantly different between the two replicates
suggesting the additional stress had no effect
on reproduction. However, if the animals
which died were those most sensitive to
stress, then their deaths effectively removed
the most sensitive animals from the experi-
ment. Thus, although stress was greater in
the second shipping, the assessed profiles
came from animals which could cope with
that stress. The mortality may have biased
the second shipment in favour of animals
less apt to show stress effects.
Second, although housing, diet, and ambi-
ent environments in the USA and England
were matched to the extent possible, they
were not identical. Therefore, differences
observed between shipped and control ani-
mals as well as shipping-by-genotype inter-
action effects may be due to environmental
differences between facilities at Smith Col-
lege and University of Nottingham (such as
slight differences in rodent chow or treats, air
pressure and quality, magnetic field, ambient
odours, etc) rather than the stress of shipping.
The fact that deer mice from widely different
habitats and captive animals from different
colonies have similar reproductive profiles
(Hayssen et al. 1993) suggests that environ-
mental effects may have been slight com-
pared with shipping stress. However, they
cannot be discounted. In fact, habituating to
slight differences in a new environment may
be one aspect of transit stress.
Regardless of exact cause, reproductive
performance was suppressed in deer mice
after transatlantic air flight and the effect
was stronger for nonagouti animals. Across
sequential litters, this genotype-by-shipping
interaction effect is apparent in the propor-
tion of animals reproducing as well as in
litter size and interlitter intervals.
For the main effect of shipping, not only
was the proportion of pairs which produced
litters significantly lower for shipped ani-
mals, but experimental animals delayed
reproduction by at least two oestrous cycles
and a smaller proportion produced more than
one litter. Thus, both timing and frequency
of reproduction were delayed after shipping.
For agouti deer mice, litter size was not
altered by shipping. This result complements
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data for primates, guineapigs, and rabbits. For
various primates, jet transport of pregnant
females did not decrease the number of
viable offspring (Sackett 1981). For pregnant
guineapigs (Cavia) (Bailey et al. 1986) and
rabbits (Oryctolagus) (Stephens & Adams
1982), simulated transport (vibration stress
and sound) had no effect on a variety of
reproductive parameters including gestation
length, litter size, and perinatal mortality.
Thus, for both large and small mammals, one
outcome of pregnancy, litter size, is not
altered by shipping.
The reproductive profiles of agouti and
nonagouti deer mice differed significantly
after transatlantic shipment. Reproduction
after shipping was suppressed to a greater
extent in nonagouti deer mice than in agouti
pairs. Not only did fewer nonagouti pairs
produce multiple litters, but also, pairing-to-
birth and interlitter intervals were longer,
and litter sizes were smaller, compared with
control nonagouti deer mice. The shorter
interlitter intervals for agouti pairs suggest
that they may have recovered from shipping
or adjusted to the new environment more
quickly. Thus, lack of agouti protein appears
to exacerbate effects of shipping.
A genotype effect was apparent not only in
the reduced reproductive output of nonagouti
pairs after shipping but also in the larger litter
size of control nonagouti pairs. These data
also provide evidence of possible differences
in fertility associated with the agouti locus.
Thus, the nonagouti allele may be associated
with higher ovulation rates or lower uterine
mortality. A complementary result occurs in
Icelandic sheep and is associated with a
dominant mutation of the agouti locus (Awh).
The coat-colour effect of Awh is opposite to
that of the recessive nonagouti allele, that is,
Awh completely suppresses black pigment.
The effect of Awh on fertility is also opposite
to that of the nonagouti, that is, Awh is asso-
ciated with depressed fertility (Adalsteinsson
1975). Thus, overproduction of agouti protein
is associated with smaller litter size in sheep
and underproduction of agouti is correlated
with larger litter size in deer mice. These
limited data suggest a role for agouti and/or
melanocortins either in ovulation rate or with
respect to prenatal mortality.
Additionally in Icelandic sheep, the Awh
allele is associated with fewer out-of-season
lambings whereas the nonagouti allele in
these sheep is associated with more out-of-
season lambings (Dyrmundsson & Adal-
steinsson 1980). Thus, in sheep, timing of
reproduction relative to environmental cues
may be affected by the agouti locus. Similarly,
in deer mice, timing of reproduction relative to
transatlantic air travel was affected by the
agouti locus. Thus, agouti may have a role in
triggering reproduction relative to external
cues.
How agouti may influence reproduction is
not clarified by these data. Paracrine regula-
tion of melanocortins by agouti protein to
alter reproduction is possible via neuronal
pathways or directly at target tissues. In
addition, behavioural differences between
agouti and nonagouti animals (Hayssen, in
press) may indirectly influence reproductive
capacity. For example, nonagouti animals
bite and attack less often than agouti deer
mice in a handling situation. If they are also
less aggressive in male/female encounters,
mating may be less stressful overall and
ovulation rate correspondingly higher.
In conclusion, these data have two poten-
tial ramifications. First, they indicate that
transport stress may have different effects on
reproduction in strains which differ at the
agouti locus. Thus, comparative studies
which do not take this into consideration
may be suspect if they are conducted within
the first few weeks of arrival. Second,
Bronson (1989, p. 232) suggested that com-
parison of closely related lines that differ only
in one control mechanism could improve our
understanding of reproductive biology. Non-
agouti animals lack an important paracrine
regulator of melanocortins and nonagouti
deer mice exhibited a different reproductive
profile after transatlantic shipping. Compar-
isons of agouti and nonagouti deer mice may
improve our understanding of reproductive
biology by allowing assessment of the reg-
ulation mammalian reproduction by
melanocortins.
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